Lymph nodes (LNs), the site of initiation of adaptive immune responses, are highly organized structures optimized for receiving and presenting foreign antigens to naïve T and B lymphocytes. The movement of antigen to and within the LN dictates the activation of lymphocytes in ways that are incompletely understood and are poised to impact the magnitude and effectiveness of the immune response. Despite the importance of LN antigen presentation, antigen movement in the LN has primarily been studied at spatial resolution after challenge with non-infectious antigens ^[@R1],\ [@R2],\ [@R3],\ [@R4],\ [@R5],\ [@R6],\ [@R7],\ [@R8]^. Though the list is increasing, only a handful of viruses have been directly visualized in the infected LN, including vaccinia virus (VACV) and modified vaccinia Ankara (MVA) (for examples of studies imaging these viruses, see ^[@R9],\ [@R10],\ [@R11],\ [@R12],\ [@R13],\ [@R14],\ [@R15]^).

Virions traffic to the LN within minutes after deposition into peripheral tissues ^[@R10]^. Virions present in the interstitial fluid flow into a network of unidirectional, afferent lymphatic vessels and are transported to the LNs. Conveyed virions are deposited into the LN subcapsular sinus (SCS), a large cavity underneath the LN capsule lined with lymphatic endothelial cells (LECs) and phagocytic SCS macrophages ^[@R10],\ [@R16],\ [@R17],\ [@R18]^. These macrophages represent the first line of defense against invading pathogens and, in their absence, both viruses and bacteria can escape the LN and infect peripheral tissues^[@R11],\ [@R17]^. Though less numerous than macrophages, sinus-associated dendritic cells (DCs) also access particulate antigens in LN sinuses ^[@R5],\ [@R19],\ [@R20]^. Particulates not acquired by phagocytic cells continue through nodal sinuses before exiting through the efferent lymphatics ^[@R20]^.

Antigen-presenting cells (APCs) within the LN acquire viral antigen via one of several routes defined largely through studies utilizing protein or polysaccharide administration. Although lymph-borne proteins are deposited into the SCS, the SCS floor is lined by LECs that prevent free access to the LN paracortex. Low-molecular weight proteins (\> 70 kDa) can access the LN reticular conduit system that connects the SCS to the paracortex ^[@R1],\ [@R21]^. The conduits consist of a core of organized collagen fibrils ensheathed by fibroblastic reticular cells (FRCs), forming a channel through which small proteins are transported. The conduit system runs throughout the LN, but is less dense in the B cell follicles and deep T cell zone ^[@R22],\ [@R23]^.

The conduits are not contiguous, with approximately 10% of the conduit surface having gaps in FRCs covered by DCs ^[@R3]^. Conduit-associated DCs access luminal contents and can present conduit-transported antigens to naïve T cells. Although the biophysical properties of the core of collagen fibrils were originally thought to control the size limitation for conduit entry, it was recently shown that the LEC protein plasmalemma vesicle-associated protein (PLVAP) establishes the 70 kDa "filter" ^[@R6]^. PLVAP proteins on LECs form structures at the conduit-entry sites in the SCS thought to prevent anything over 70 kDa from accessing the conduits. In accordance, a recent study showed that subcutaneously injected immunoglobulin M (IgM, \~150 kDa) was excluded from the conduits; in contrast, IgM injected directly into the LN paracortex could enter the conduit system ^[@R8]^.

Owing to their large size, virions are not believed to gain entry to LN paracortex via conduit transport. After subcutaneous injection, VACV virions arrive at the LN within minutes, are deposited into the SCS, and infect a sessile layer of macrophages in the SCS floor ^[@R10],\ [@R13]^. Virions not captured by SCS-resident cells continue through LN sinuses, but should be unable to access the LN paracortex. We analyzed virion transport in the LN after infection with VACV and Zika virus (ZIKV). VACV is a large DNA virus that is used both to study antiviral immunity in the draining LN and as a human vaccine vector ^[@R24],\ [@R25]^. Zika virus is a small RNA virus responsible for recent explosive human outbreaks ^[@R26]^. Here, we show that multiple viruses (even VACV, the largest human viral pathogen) can enter LN conduits and infect paracortical DCs, leading to rapid and direct T cell priming in the LN paracortex.

Results {#S1}
=======

Virally infected cells are located proximal to conduits {#S2}
-------------------------------------------------------

Wild-type vaccinia virus (VACV) and its related, non-replicating strain modified vaccinia Ankara (MVA) have been employed extensively to visualize antiviral immunity in the LN. Additionally, both VACV and MVA are currently inoculated into humans, the latter serving as a vector for recombinant proteins ^[@R25]^. Many imaging studies and vaccine trials administer 10^8^ pfu or greater of VACV or MVA (for examples see ^[@R27],\ [@R28]^), while immunologic studies often infect at lower viral doses. It is currently unclear how the dose of virus affects the spatial organization of T cell priming in the LN as such spatial analyses have not been systematically compared. Therefore, we carefully quantified the location of VACV- and MVA-infected cells in the draining LN across viral doses ([Fig. 1](#F1){ref-type="fig"}). As previously reported, using viral promoter-driven fluorescent protein expression (influenza virus nucleoprotein-SIINFEKL-enhanced green fluorescent protein (NP-S-eGFP), a fusion protein with nuclearly localized GFP along with the SIINFEKL determinant from ovalbumin), we detected robust viral infection of cells in the peripheral subcapsular sinus (SCS) and interfollicular area (IFA) cells within 8 h of infection with either virus ^[@R10]^ ([Fig. 1a,b](#F1){ref-type="fig"}). Staining for VACV antigen confirmed that GFP expression was produced in conjunction with VACV proteins ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}) rather than being acquired by uninfected cells. Unexpectedly, at higher viral doses, we visualized numerous virus-infected cells deeper within the LN paracortex ([Fig. 1a,b](#F1){ref-type="fig"} and [Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}).

We next quantified the location of infected cells in the SCS and IFA region (SCS&IFA), B cell follicles, T cell zone, or the medulla of frozen sections of LNs 8 h after footpad infection with 10^8^ pfu of VACV or MVA ([Fig. 1c,d](#F1){ref-type="fig"}). We classified different LN anatomical regions by staining sections with antibodies against the LN stroma (ERTR7 recognizing reticular fibroblast antigen, red), the lymphoid sinuses (Lyve-1 recognizing LECs, white), and B cells (B220, blue) as previously described ^[@R18]^. Although most infected cells were located in the SCS and IFA region followed by the medullary sinuses, on average \~11% of VACV-infected cells and \~4% of MVA-infected cells were present in the T cell zone ([Fig. 1d](#F1){ref-type="fig"}). Higher magnification images showed VACV-infected cells contacting LECs in the SCS and IFA region and in sinuses ([Fig. 1e](#F1){ref-type="fig"}, right), but also nodal conduits in the T cell zone located distally from apparent LECs ([Fig. 1e](#F1){ref-type="fig"}, left). Quantitation of cells touching either conduits or sinuses revealed that approximately 20% of infected cells contacted only conduits; these numbers include cells located in the SCS and IFA region as well as in the T cell zone ([Fig. 1f](#F1){ref-type="fig"}). Collectively, these data demonstrate that infected cells are present in the LN T cell zone after infection with 10^8^ pfu of VACV and that paracortical infected cells closely associate with conduits.

Paracortical-infected cells appear rapidly {#S3}
------------------------------------------

To understand how virus-infected cells arrived in the LN paracortex, we next kinetically analyzed LNs after infection with 10^8^ pfu of VACV ([Fig. 2](#F2){ref-type="fig"}). Using a GFP antibody, we detected VACV-infected cells in the SCS and IFA region, T cell zone, and medulla by 1 h post infection ([Fig. 2a](#F2){ref-type="fig"}). We continued to observe VACV-infected cells in the T cell zone throughout the next 7 h of infection ([Fig. 2b](#F2){ref-type="fig"} and [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}), suggesting that these cells were infected soon after viral inoculation and then remained associated with conduits. Based upon these data and those from other laboratories ^[@R10],\ [@R13]^, we summarize the following timeline of nodal VACV infection after subcutaneous injection: VACV virions arrive in the draining LN within minutes (possibly seconds). Infected cells can be detected in the LN after staining for GFP within an h after footpad administration of 10^8^ pfu of virus. After 4 h, VACV-infected cells can be detected simply by the robust expression of GFP. Within 12--24 h, VACV-infected SCS macrophages pyroptose as a result of inflammasome activation ^[@R13],\ [@R14]^. Together, these data demonstrate that VACV-infected cells can be detected in the LN paracortex rapidly after infection, and detection is enhanced by the accumulation of virally expressed GFP.

Vaccinia virions are transported by nodal conduits {#S4}
--------------------------------------------------

The infection of T cell-zone cells so soon post infection led us to question whether virions could be transported in the LN conduits running from peripheral sinuses. To investigate this hypothesis, we first conjugated purified VACV to Alexa 647 dye and extensively purified virions to remove residual dye. Using confocal microscopy, we visualized labeled virions (white) in LN conduits within 3--5 min of injection ([Fig. 3a,b](#F3){ref-type="fig"}). We next conjugated purified VACV to 10 nm gold particles, injected 10^8^ pfu in the footpad, and analyzed LN sections by electron microscopy (EM) 3--5 min after injection. Electron micrographs showed numerous instances of gold particle-labeled VACV virions within conduits ([Fig. 3c](#F3){ref-type="fig"} and [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). Thus, VACV virions can be accommodated by LN conduits.

In the LN, the protein PLVAP is expressed on LECs in the SCS that line the entrance of conduits^[@R6]^ as well as on other stromal cell populations. On LECs, this protein forms structures at the entrance of conduits that act as a molecular sieve, blocking conduit entry of large proteins. To determine if PLVAP also regulated VACV entry into LN conduits, we injected Alexa-647 labeled VACV into the footpad of mice in which *PLVAP* was conditionally deleted from LECs but remained intact on other cell types (*Plvap*^fx^/^fx^ *Prox1*-CreERT^tg^/^+\ [@R29]^) ([Fig. 3d](#F3){ref-type="fig"}). Conditional deletion of *Plvap* from LECs greatly increased the number of conduit-associated virions. Likewise, *Plvap* conditional deletion enhanced the number of T cell-zone infected cells 8 h post infection ([Fig. 3e](#F3){ref-type="fig"}). Together, these data indicate that VACV virions can be accommodated by nodal conduits if the virions can enter, and that many virions are normally excluded from conduit entry by PLVAP present on LECs.

VACV infects conduit-associated paracortical DCs {#S5}
------------------------------------------------

Immature dendritic cells (DCs) are located in close proximity to LN conduits and can acquire small proteins from the conduit lumen for presentation to T cells ^[@R3]^. Because immature DCs are susceptible to VACV infection *ex vivo*, we next sought to determine whether conduit-associated DCs could acquire VACV virions. Thus, we performed multiplex staining and confocal microscopy on LN sections harvested 8 h after footpad infection with 10^8^ pfu of VACV, allowing the identification of conventional DC1s (cDC1s: CD8α^+^, CD205^+^, XCR1^+^) and conventional DC2s (cDC2s: CD11b^+^, CD172^+^) ([Fig. 4](#F4){ref-type="fig"}). As previously described, a majority of VACV-infected cells were sinus-resident macrophages ^[@R9],\ [@R10]^ ([Fig. 4e](#F4){ref-type="fig"}), however infected cDC1s and cDC2s could also be found associated with lymphatic sinuses ([Fig. 4b,c](#F4){ref-type="fig"}). In the paracortex, we identified infected cDC1s associated with conduits ([Fig. 4d](#F4){ref-type="fig"}). Staining with individual markers ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}) corroborated findings with multiplex staining. These data show that conduit-associated cDC1s in the T cell zone are infected by VACV.

Conduits transport ZIKV virions {#S6}
-------------------------------

To determine if other viruses could also enter LN conduits, we next performed similar imaging experiments after infection with ZIKV, a small RNA virus with a virion diameter of approximately 50 nm ^[@R30]^. We infected *Ifnar*^--^/^--^ mice (a standard model of ZIKV infection) with 10^4^ pfu of ZIKV H/PF/2013 in the footpad and harvested the popliteal LN 24 h post infection ([Fig. 5](#F5){ref-type="fig"}). Confocal imaging revealed ZIKV-infected cells in the LN paracortex ([Fig. 5a](#F5){ref-type="fig"}), although it should be noted that at this time post infection, infected cells could result from infection within the LN or migration from the tissue. Multicolor staining for DC subsets ([Fig. 5b](#F5){ref-type="fig"}) revealed both ZIKV-infected cDC1 ([Fig. 5d](#F5){ref-type="fig"}) and cDC2 ([Fig. 5c](#F5){ref-type="fig"}). Because cDC1 are non-migratory, conduit-associated cells, this observation suggested that conduits could transport ZIKV virions.

We next performed EM analysis ZIKV-infected LNs, imaging numerous instances of ZIKV in LN conduits ([Fig. 5e](#F5){ref-type="fig"} and [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). Thus, like VACV, ZIKV can enter the nodal conduits and conduit-associated ZIKV-infected DCs can be identified in the LN paracortex. These data demonstrate that conduit transport is not a unique feature of VACV and can occur at much lower viral doses.

T cells are rapidly activated by paracortical VACV-infected cells {#S7}
-----------------------------------------------------------------

VACV-specific CD8^+^ T cells are rapidly activated via direct priming in the peripheral interfollicular areas of the LN under low-virus dose ^[@R10]^. To determine how T cell priming proceeds when virus-infected cells are present both at the LN periphery and the paracortex, we examined the location of T cell clusters around infected cells, an oft-used indicator of cognate antigen presentation in imaging studies. Prior to infection, we transferred 10^6^ OT-I CD8^+^ T cells (T cell-receptor-transgenic cells that are H-2 K^b^-SIINFEKL-specific^[@R31]^) and infected with VACV either expressing or lacking SIINFEKL ([Fig. 6](#F6){ref-type="fig"}). OT-I CD8^+^ T cells could be observed clustering around conduit-associated, VACV-infected cells (an example near a high endothelial venule (HEV) is shown in [Fig. 6a](#F6){ref-type="fig"}).

As naïve T cells enter through paracortical HEVs, we next queried whether the location of infected cells in this nodal region yielded a temporal advantage for CD8^+^ T cell activation. Again, we transferred 10^6^ dsRed OT-I CD8^+^ T cells and analyzed dissociated LNs by flow cytometry 8 h post infection ([Fig. 6b](#F6){ref-type="fig"}). Approximately 70% of transferred cells upregulated the activation marker CD69 at the highest dose of virus, while only \~20% of T cells were activated with even a 10-fold decrease in virus. By 24 h post-infection, however, all doses of virus equally activated OT-I CD8^+^ T cells until the inoculum decreased to 10^5^ pfu, at which dose there was a slight decrease in CD69 expression ([Fig. 6c](#F6){ref-type="fig"}). Thus, sufficient antigen was present in the node at 10^6^ pfu to activate all transferred T cells, yet T cells were activated the most rapidly at the dose of virus yielding the most paracortical virus-infected cells. After infection with 10^8^ pfu of VACV or MVA, a majority of virus-infected cells in the paracortex were contacted by OT-I CD8^+^ T cells, in contrast to a far lower percentage of SCS-and-IFA-region-infected cells ([Fig. 6d](#F6){ref-type="fig"}). This observation suggests that paracortical infected cells are preferentially contacted by T cells, either because of a functional advantage or simply due to ease in access.

We next quantified CD69 mean fluorescent intensities (MFI) on OT-I CD8^+^ T cells in sections of LNs harvested 8 h after infection with 10^8^ pfu of VACV ([Fig. 6e-h](#F6){ref-type="fig"} and [Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). OT-I CD8^+^ T cells in clusters around infected cells expressed abundant CD69 that was detectable by microscopy ([Fig. 6g](#F6){ref-type="fig"}). We quantified the percentage of activated T cells (with an MFI ≥ 50) in each region of the LN at 10^8^ pfu in 10 LN sections ([Fig. 6e](#F6){ref-type="fig"}). Approximately 40% of all nodal T cells were activated in the T cell zone, while less than 20% were activated in the SCS and IFA region. Accordingly, \~54% of the activated T cells were in paracortex ([Fig. 6f](#F6){ref-type="fig"}). In contrast, infection with lower viral doses resulted in activated cells primarily in the SCS and IFA region ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}). Next, we analyzed the CD69 MFI only on activated OT-I CD8^+^ T cells (with an MFI ≥ 50) across a single node ([Fig. 6h](#F6){ref-type="fig"} and [Supplementary Figure 7](#SD1){ref-type="supplementary-material"}). The MFI of activated T cells in the paracortex was significantly higher than those at the periphery (average of 105 *vs*. 89, respectively). Similar to transgenic T cells, activated polyclonal CD8^+^ T cells also predominated in the T cell zone ([Fig. 6i,j](#F6){ref-type="fig"}). Collectively, these data show that T cell zone VACV-infected cells more rapidly activate CD8^+^ T cells than those in other nodal regions.

Lower VACV doses activate T cells in the LN paracortex {#S8}
------------------------------------------------------

To determine if conduit transport also results in T cell activation after infection with lower VACV doses, we imaged LNs harvested 8 h after infection with 10^6^ pfu VACV ([Fig. 7](#F7){ref-type="fig"}). As expected, most infected cells were located in the SCS and IFA region (see also [Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}), however, we detected one or more paracortical, conduit-associated VACV-infected cell in most LN sections ([Fig. 7a](#F7){ref-type="fig"}). We next transferred 10^6^ dsRed OT-I CD8^+^ T cells, infected with 10^6^ pfu of VACV, and harvested LNs 8 h later ([Fig. 7b](#F7){ref-type="fig"}). While a majority of activated OT-I CD8^+^ T cells were present in the SCS and IFA region, we also detected T cell clustering and upregulation of CD69 around paracortical infected cells. Confocal analyses of DC subsets (as in [Fig. 4](#F4){ref-type="fig"}) revealed that cDC1 in the paracortex could also be infected at lower VACV doses ([Fig. 7c](#F7){ref-type="fig"}). These data show that conduit transport of VACV for T cell activation also occurs at lower viral doses, albeit with greatly reduced frequency.

T cells have a temporal trafficking advantage {#S9}
---------------------------------------------

We next transferred OT-I CD8^+^ cells and infected footpad with different doses of VACV-expressing SIINFEKL ([Fig. 8](#F8){ref-type="fig"}). 24 h after footpad infection, we infected in the ear pinna with VACV lacking SIINFEKL (we have previously shown that this infection schedule results in antigen-independent recruitment of activated T cells into the skin but eliminates the possibility of T cell activation in the ear-draining LN ^[@R32]^). Four days after footpad infection, we removed ears and analyzed the number of recruited T cells by flow cytometry ([Fig. 8a](#F8){ref-type="fig"}). After infection with 10^8^ pfu of VACV, we detected significantly higher numbers of OT-I CD8^+^ T cells in the skin, suggesting that footpad infection with the highest dose of virus leads to a temporal advantage in trafficking to infected peripheral tissue. Likewise, after footpad infection followed by skin infection with VACV expressing SIINFEKL, we detected higher numbers of IFN-γ-producing T cells in the skin directly *ex vivo* (e.g. without restimulation) at the highest virus dose ([Fig. 8b](#F8){ref-type="fig"}). Thus, infection with the highest viral dose results in a temporal advantage for peripheral effector cell recruitment, consistent with early activation in LN paracortex.

Discussion {#S10}
==========

Our data provide evidence that virions can enter and move through LN conduits, infecting paracortical DCs which rapidly activate antiviral CD8^+^ T cells. Former studies examining conduit transport of antigen reproducibly demonstrated that the bulk of large molecular weight proteins and dextrans are excluded from conduit entry, suggesting a limited role for conduits in the delivery of large, complex antigens such as viruses to the LN paracortex ^[@R1],\ [@R3],\ [@R6],\ [@R7],\ [@R8]^. Collectively, these studies utilized fluorescently labeled proteins or dextrans that could be detected by confocal microscopy as they filled the conduits. In these systems, very small numbers of proteins or dextrans entering the conduits would not be easily detectable by fluorescence and would not likely yield enough antigen to activate paracortical T cells. In contrast, cellular infection with a single VACV virion rapidly generates sufficient levels of viral peptide:MHC complexes for T cell activation and the translation of many copies of viral proteins allows the detection of single infection events within 4 h of infection. Thus, viruses serve as the perfect tool to uncover a previously unappreciated aspect of conduit function.

Paracortical cDC1s have high capacity for priming antiviral CD8^+^ T cells in *ex vivo* studies ^[@R33],\ [@R34]^, yet these cells are primarily positioned in the deep paracortex ^[@R5],\ [@R35]^. Without nodal viral replication, it is unclear how these paracortical cDC1s can rapidly respond to infection because most should not access virus in sinuses. For protein antigens, the location of MHC-I specialized DCs in areas with limited antigen delivery substantially hinders the CD8^+^ T cell response compared to that of CD4^+^ T cells ^[@R7]^. Virion transport by conduits has the potential to overcome these problems by delivering infectious virions to paracortical DCs.

The role of the FRCs in the LN extends beyond forming the conduits. Indeed, FRC function is critical for normal immunologic health during both homeostasis and infection. In uninfected LNs, FRCs produce cytokines and chemokines that attract and maintain DCs, naïve T cells, and B cells ^[@R36],\ [@R37],\ [@R38]^. FRCs provide a scaffold necessary for cellular motility and establish LN anatomical subregions including the B cell follicles ^[@R39]^. FRCs also control rapid LN expansion during infection and inflammation, proliferating and stretching to accommodate LN hypertrophy ^[@R40],\ [@R41],\ [@R42]^. Because of the myriad FRC functions, any perturbation of the conduit network can dramatically impact the immune response.

Some viruses target the LN FRC network either directly or indirectly. LNs undergo a marked fibrosis during HIV and SIV infection in which collagen replaces the FRC network which can no longer provide IL-7 to T cells, leading to T cell depletion^[@R42],\ [@R43]^. The FRCs are directly infected by the murine pathogen LCMV, resulting in upregulation of PD-L1, slowing viral clearance and increasing immunopathology ^[@R44]^. Effector CD8^+^ T cells also eliminate LCMV-infected FRCs, limiting the immune response to new antigens ^[@R45],\ [@R46]^. A number of other viruses also directly infect the FRC network, including Ebola, Marburg, and Lassa, and infected FRCs may propagate infectious virus leading to complete destruction of lymphoid tissues ^[@R47],\ [@R48],\ [@R49],\ [@R50]^. Our data suggest that infection by FRC-tropic viruses may be hastened after conduit transport of virions deeper into the paracortex through increased pathogen accessibility to downstream, uninfected FRCs. However, in contrast to the aforementioned viruses, VACV and ZIKV do not robustly infect FRCs. The rapid appearance of VACV virions in the conduits (within 3 minutes post-footpad injection) indicates that virions can access the conduits in the absence of FRC infection.

Although FRCs are not directly infected by VACV, infection results in LN hypertrophy and remodeling of the FRC conduits. In seminal studies, Gretz *et al.* demonstrated that VACV-induced LN hypertrophy did not disrupt the size-exclusion of the conduit system ^[@R1]^. To demonstrate maintenance of size-exclusion during infection, small (10 kDa) and large (70 kDa) fluorescent dextrans were co-injected 8 h after infection with 10^7^ pfu of VACV. Even though LNs had swelled to \~40% larger than their original size, the pattern of tracer distribution remained unchanged. Thus, virus-induced conduit remodeling is unlikely to account for the presence of virions in the conduits within 8 h post infection, and even less likely for our EM studies, which were performed 3--5 minutes post infection. Because we observed both VACV and ZIKV within conduits, it seems improbable that a specific/single viral surface protein mediates access to the conduits. Future studies will determine the extent to which conduit entry is an active process exploited by viruses *vs* simply a general feature of conduit biology.

How do virions gain entry to the conduits? The endothelial protein PLVAP was recently shown to form a structure acting as a "sieve," allowing only small molecular weight proteins to enter the conduits ^[@R6]^. Importantly, conditional deletion of PLVAP afforded conduit entry to proteins 10-fold larger than the originally described 70 kDa size exclusion limit, suggesting that virions could also "fit" within the conduits if they gained access. Consistent with these studies, we show that conditional deletion of PLVAP specifically on LECs also allowed much larger numbers of virions to enter the conduits.

The simplest explanation for entry is that the LEC PVLAP "sieve" is leaky, allowing a few molecules to pass through, especially when present at high concentration. As detailed ultrastructural studies of the LN mapping all conduit entry points have not been performed, it is unknown if the structures made by PLVAP guard all or only a subset of LN conduits. Likewise, it remains possible that a limited number of sinus-borne virions could gain access to the conduit system, bypassing PLVAP. Evolutionarily, allowing a few virions to circumvent the sieve might make sense, as this would allow for rapid, paracortical T cell priming without the risk of large-scale pathogen escape or complete paracortical infection. Recent studies have demonstrated that larger molecules (still much smaller than virions) can be accommodated by the conduit system if injected directly into the paracortex of the LN ^[@R8]^. Thus, the rate-limiting step for virion transport is likely conduit entry, and it will be important to determine the mechanisms underlying access.

In summary, our study demonstrates the delivery of virions to the LN paracortex by conduits. This newly uncovered route of nodal antigen transport should prove informative for vaccine design, in particular for live-viral or complexed-mRNA vaccines that can replicate small numbers of conduit-delivered antigen in paracortical APCs.

METHODS {#S11}
=======

Mice {#S12}
----

Specific pathogen-free C57BL/6, B6(Cg)-Tyrc-2J/J, and *Ifnar*^--/--^ mice were obtained from Taconic Farms. STOCK Tg (CAG-DsRed\*MST) 1Nagy/J mice were crossed to OT-I TCR transgenic mice (NIAID Intramural Research Repository) and bred for homozygosity to create DsRed OT-I mice. *Plvap*^fl/fl^ mice ^[@R29]^ on C57BL/6J background were crossed to *Prox1*-CreERT2^tg/+^ mice ^[@R51]^ to create PLVAP^iLECKO^ mice (genotype: *Plvap*^fl/fl^ *Prox1*-CreERT2^tg/+^). *Prox1*-CreERT2^tg/+^ mice on C57BL/6 genetic background were a kind gift from G. Oliver (U Chicago). *Plvap*^iLECKO^ and littermate *Plvap*^fl/fl^ control mice were bred in house at Dartmouth and shipped to NIH. 6- to 16-week-old female mice were used in all experiments unless otherwise noted. Mice were housed under specific pathogen-free conditions (including murine norovirus, mouse parvovirus, and mouse hepatitis virus) and maintained on standard rodent chow and water supplied *ad libitum*. All animal studies were approved by and performed in accordance with the Animal Care and Use Committee of the National Institute of Allergy and Infectious Diseases.

Tamoxifen administration {#S13}
------------------------

For tamoxifen treatment, 2 mg/mouse was administered intraperitoneally every other day for two weeks prior to infection.

T cell transfers {#S14}
----------------

Spleens and nodes from OT-I dsRed mice were purified to \>90% purity using an Automacs (Miltenyi Biotech) using a CD8^+^ T cell negative selection kit. At least one day prior to infection, 2.5 × 10^5^ (unless otherwise indicated) OT-I cells were transferred intravenously.

Viruses and infections {#S15}
----------------------

Mice were infected via footpad using an insulin syringe and injected the specified doses of VACV or MVA from purified stocks (in a total volume of 10 μls) into wild-type C57Bl/6 animals. VACVs used in this study were VV-NP-S-GFP, MVA-NP-S-GFP, and VACV-NP-eGFP (an identical virus lacking the SIINFEKL determinant). All viruses have been previously described and virus stocks were grown and titered in house, as described ^[@R10],\ [@R52]^. ZIKV was grown and tittered in Vero cells. 10^4^ FFU of 10^4^ pfu of ZIKV H/PF/2013 was inoculated footpad in 10 μls into *Ifnar*^−^/^−^ mice.

Alexa-647 labeled virus was prepared with sucrose-purified virus and a Protein Labeling Kit (ThermoFisher) according to the manufacturer's instructions. Labeled virus was purified twice through a spin column to remove free dye and then by sucrose gradient. Gold-labeled VACV was prepared using purified virus and a was conjugated to 10 nm gold nanoparticle conjugation kit (InnovaCoat GOLD, Innova Biosciences). Virus and reaction buffer were mixed according to the manufacturer's instructions and the mixture was used to reconstitute InnovaCoat GOLD particles. The reaction mixture was incubated at room temperature for 15 min, quenched for 5 min at 25 °C, spun down and resuspended in 1mM TRIS pH 9.0 buffer prior to injection.

Flow cytometric analysis of T cell activation {#S16}
---------------------------------------------

Single cell suspensions of popliteal lymph nodes were prepared by homogenization in Kontes pestle tubes prior to filtration through 70 μm nylon cell strainers. Cells were stained with the following antibodies: CD45 (clone 30-F11, eBioscience, Lot\#E10032--1635); CD8α (clone 53--6.7, eBioscience, many different lots); CD69 (clone H1.2F3, eBioscience, Lot\#B207773); and IFN-γ (clone XMG1.2, eBioscience, Lot\#E024667). Cells were analyzed on an LSR II flow cytometer (BD Biosciences) using FacsDiva software, and resultant data analyzed using FlowJo (Treestar).

Confocal microscopy of frozen LN sections {#S17}
-----------------------------------------

Popliteal lymph nodes were removed at the indicated times, fixed overnight in periodate-lysine-paraformaldehyde buffer, and placed in 30% sucrose/PBS for 24 h before embedding in optimal-cutting-temperature medium (Electron Microscopy Sciences) and freezing in dry-ice-cooled isopentane. Eighteen-micron sections were cut on a Leica cryostat (Leica Microsystems). Sections were blocked with 5% goat, donkey, bovine, rat or rabbit serum and then stained with one or more of the following Abs: CD11b (clone M1/70, eBioscience, Lot\#E022424, E15525--01, 4319572, or B259438); CD11c (clone N418, eBioscience, Lot\#4288340, 4339477, or E029528); CD205 (clone NLDC-145, Biolegend, Lot\#B251007); B220 (clone RA3--6B2, eBioscience, Lot\#4288340, 4339477, or 4306068); CD8α (clone 53--6.7, eBioscience, many different lots); Lyve-1 (clone ALY7, eBioscience, Lot\#4291625 or 4311240); ERTR7 (staining a fibroblastic reticular cell antigen and used to identify the LN stromal network including conduits, blood vessels and lymphatic sinuses; rat monoclonal, Abcam (cat\#51824); CD69 (polyclonal goat, R&D Systems, Cat\#AF2386, Lot 0117021 or 0107081); anti-GFP (polyclonal, eBioscience, Lot\#E051981634); anti-vaccinia virus (Accurate Chemical Group, Lot\#J2368); anti-NS2B (Genetex, Lot\#42508); and/or Lyve-1 (clone ALY7, eBioscience, Lot\#4291625, 4311240 or 1978147). Sections were incubated with secondary antibodies as needed and as controls, and images were acquired using identical PMT (photomultiplier tube) and laser settings. In some instances, Huygens Essentials was used to deconvolve confocal images.

Confocal tile scans {#S18}
-------------------

Scans were taken of an entire popliteal LN section equaling a 7 mm^2^ imaged area and individual fields (tiles) were merged into one image.

Image analysis {#S19}
--------------

Images were analyzed using Imaris software (Bitplane). LN regions (SCS/IFA, T cell zone, Medulla, and B cell follicles) were classified using Lyve-1, B220, and ERTR7 staining as described in ^[@R18]^. GFP^+^ infected cells and OT-I CD8^+^ T cells were identified using the spot detection algorithm of Imaris and manually assigned to LN regions.

For analyses of infected cells touching conduits or sinuses, images were processed with Imaris software and a 2-dimensional projection of the lymph node slices was exported from this software for further analysis with CellProfiler, an open source software package available from the Broad Institute at [www.cellprofiler.org](http://www.cellprofiler.org/). Image analysis then relied on the separation of fluorescent channels between ERTR7^+^ (conduit and sinus) and Lyve-1^+^ (sinus) tissues versus GFP^+^ (virus-infected) cells. Classification of these structures was achieved using an Otsu thresholding algorithm with two classes. In each image, objects (either cells or tissue structures) were then identified using CellProfiler provided functions, and infected cells (containing nuclearly localized fluorescence due to the karyophilic properties of the GFP fusion protein expressed ^[@R10]^) identified within 10 microns of conduits or sinuses were classified as neighbors of either one, both, or neither signal. This method of analysis was verified through a by-hand counting of 4 lymph node tile scans by two separate individuals, with a strong correlation (R^2^ =.948) between computer identified virus count and by-hand identified virus count.

For T cell activation analysis on lymph node sections, tile scans were taken with nodes stained with ERTR7, B220, and polyclonal anti-CD69 as described above. For calculation of the percentage of activated OT-I CD8^+^ T cells, dsRed OT-I cells were detected using the spot algorithm of Imaris and the mean fluorescent intensity of the CD69 channel was determined for each individual spot. Spots with a mean fluorescent intensity of 50 or greater were considered activated T cells and used to calculate the total percentage activated. Spots were then filtered to exclude those with a fluorescent mean intensity \< 50, and then manually assigned a LN region. Where indicated, exclusion of non-activated cells was not performed (all T cells are shown).

Electron microscopy of LN sections {#S20}
----------------------------------

Popliteal lymph nodes were fixed in 2% glutaraldehyde/0.1M sodium cacodylate pH?? buffer, washed in 0.1M sodium cacodylate buffer, post-fixed with 1% osmium tetroxide, and washed in buffer. The nodes were then incubated in 1% aqueous tannic acid, washed in distilled, sterile water and incubated with 2% aqueous uranyl acetate overnight and washed in water the next morning. The samples were dehydrated in a series of ethyl alcohol: 50%, 70%, 90%, 100% and then propylene oxide. The nodes were embedded in Embed 812 and sections were cut on a Leica EM UC7 ultramicrotome (Leica Microsystems Inc.). Thin sections were post-stained with 7% uranyl acetate in 50% ethanol and then 0.01% lead citrate. Sections were reviewed for conduits in the paracortex of the LN and identified conduits were scanned for the presence of virions. Identified virions were photographed on the Tecnai G2 Spirit transmission electron microscope (FEI/Thermo Fisher Scientific) fitted with a Gatan Orius CCD camera (Gatan, Inc.) and a FEI Eagle camera. Chemicals were purchased from Electron Microscopy Sciences (EMS).

Statistical analyses {#S21}
--------------------

Significances were calculated using GraphPad (Prism) using unpaired two-tailed Student's *t* test.

Data availability statement {#S22}
---------------------------

The data that support the findings of this study are available from the corresponding author upon reasonable request.
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![VACV and MVA rapidly infect T cell-zone cells associated with conduits.\
**a-b**) Maximum intensity projections (MIP) of sections of popliteal LNs harvested 8 h after footpad injection 10^8^ pfu of MVA (a) or VACV (b). ERTR7 = red (labeling conduits and blood vessels), Lyve-1 (labeling non-conduit lymphatic sinuses) = white, MVA or VACV-infected cells = green nuclear signal, B220 (labeling B cells) = blue. Arrows point to some of the virus-infected cells associated with conduits. Scalebar = 100 μm. Higher magnification images are shown to the right. Scalebars = 20 μm. (n =18 LN sections for VACV; 10 LN sections for MVA taken over 4--6 independent experiments) **c**) Schematic for assignment of LN regions into subcapsular sinus and interfollicular area region (SCS&IFA), B cell follicles, T cell zone, and medulla. Left = LN as stained in (a) and (b), right with areas overlaid. Scalebars = 100 μm. **d**) Quantitation of infected cells (either MVA or VACV) per LN section 8 h post-infection from sections in (a-b). Dots represent individual sections. Bars = mean. **e**) High magnification images showing the association of T cell-zone infected cells (green, nuclear) with conduits (red, left); or medullary infected cells associated with lymphatic sinuses (white, right). Scalebars = 20 μm. Individual infected cells that are highlighted in circles are shown in higher magnification on the right for each image. Scalebars = 3 μm (right insets) and 5 μm (left insets). **f**) Quantitation of the percentage of infected cells contacting either lymphatic endothelial cells (of LN sinuses) or conduits in the VACV sections (n=11, 3 independent experiments). Bars show mean. Scalebars = SEM.](nihms-1520621-f0001){#F1}

![Conduit-associated VACV-infected cells can be visualized in the LN within an h of infection.\
**a**) Maximum intensity projections (MIP) of sections of popliteal LNs harvested at the indicated h post infection with 10^8^ pfu of VACV (time indicated on the left). ERTR7 = red (labeling conduits and blood vessels), Lyve-1 (labeling non-conduit lymphatic sinuses) = white, VACV-infected cells = green nuclear signal, B220 (labeling B cells) = blue. Dashed boxes indicate areas of the LN section with magnified views shown in (b). Scalebars = 200 μm. Results are representative of 6 LNs from 3 different experiments. **b**) Higher magnification images of LN sections in (a) showing VACV-infected cells in the SCS and IFA region, T cell zone and medulla at the indicated time post-infection (far left). Scalebars = 20 μm.](nihms-1520621-f0002){#F2}

![VACV virions can be transported in LN conduits.\
**a**) Maximum intensity projection (MIP) of a popliteal LN section harvested 3 m after footpad injection of purified Alexa 647-labeled VACV (white) showing labeled virus in subcapsular and medullary sinuses (green). ERTR7 = red (labeling conduits and blood vessels), Lyve-1 (labeling non-conduit lymphatic sinuses) = green, Alexa 647-labeled VACV = white, B220 (B cells) = blue. The area shown in the dashed box is magnified in b). Scalebar = 100 μm. **b**) Blended projection of the boxed area of (a). Arrows point to some examples of labeled virions in conduits. Scalebar = 50 μm. \* denote blood vessels. T = T cell zone. SCS = subcapsular sinus. Right panels show magnified images. Scalebar = 1 μm. Images in (a,b) are representative of 10 LNs taken in 4 separate experiments. **c**) Electron micrographs of popliteal LN harvested 5 m after footpad injection of 10 nm-gold-particle-conjugated VACV. Left panel) VACV virion in a conduit (labeled with a C) is indicated by an arrow. Scalebar = 500 nm. Inset shows a higher magnification of virion. Scalebar = 100 nm. Middle panel) Lower magnification of area in right panel showing typical down-spout like conduit (C) in the node. An arrow indicates the location of the virion. BV= blood vessel. Scalebar = 5 μm. Right panel) schematic of the image in the middle panel showing the VACV virion (gold) in the conduit (purple). Arrow indicates the location of the virion. The conduit is labeled "conduit", T = T cell, FRC = fibroblastic reticular cell, RBC = red blood cell, E = endothelial cell, BV = blood vessel. An area of the conduit with collagen fibers running transverse to the LN section is indicated with a "C". Results are indicative of 14 grids from 2 separate experiments. **d**) Alexa 647-labeled virus was injected footpad into tamoxifen-treated PLVAP^iLECKO^ (genotype PLVAP^fx/fx^; Prox1-CreERT2^tg/+^) mice (depleting PLVAP on lymphatic endothelial cells (LECs)). ERTR7 = red (labeling conduits and blood vessels), Lyve-1 (labeling non-conduit lymphatic sinuses) = green, Alexa 647-labeled VACV = white, B220 (B cells) = blue. Arrows indicate some examples of labeled virus in conduits. Scalebar = 100 μm. Higher magnification images are shown in the insets below the image. Scalebar = 1 μm. Results are representative of 6 mice and 3 experiments. **e**) MIPs of sections of popliteal LN harvested 8 h post-footpad infection of wild-type mice treated with tamoxifen (left), or of transgenic animals with *Plvap* conditionally ablated in LECs (right). Arrows indicate some examples of virus-infected cells (green) in the T cell zone. Scalebars = 100 μm. Higher magnification images are shown below each node. Scalebars = 10 μm. ERTR7 = red (labeling conduits and blood vessels), Lyve-1 (labeling non-conduit lymphatic sinuses) = white, VACV-infected cells = green nuclear signal, B220 (labeling B cells) = blue. Results are representative of 9 mice and 3 experiments.](nihms-1520621-f0003){#F3}

![VACV infects conduit-associated dendritic cells.\
**a**) Maximum intensity projection (MIP) of a section of a popliteal LN harvested 8 h after footpad injection of 10^8^ pfu of VACV. Top panel) staining as in previous figures showing ERTR7 = red (labeling conduits and blood vessels), Lyve-1 (labeling non-conduit lymphatic sinuses) = white, VACV-infected cells = green nuclear signal, B220 (labeling B cells) = blue. Bottom panel) same image as the top adding staining for CD11c = yellow, CD205 = purple, and CD11b = brown. Scalebars = 200 μm. **b-e**) High magnification images of dashed boxes in (a) showing **b**) an infected CD205^+^ DC in the SCS, **c**) an infected CD11b^+^ DC near a lymphoid sinus, **d**) infected CD205^+^ DCs associated with conduits in the T cell zone, **e**) infected CD11b^+^ macrophages in the medullary sinus. Scalebars = 20 μm. Results are representative of 10 LNs and 4 experiments.](nihms-1520621-f0004){#F4}

![Zika virions are also transported by conduits.\
**a**) Maximum intensity projection (MIP) of a section of a popliteal LN harvested 24 h after footpad injection of 10^4^ FFU ZIKV. Arrows indicate ZIKV-infected cells (green, stained for ZIKV NS2B protein) associated with conduits. ERTR7 = red (labeling conduits and blood vessels), Lyve-1 (labeling non-conduit lymphatic sinuses) = white, B220 (labeling B cells) = blue. Scalebar = 200 μm. Smaller panels to the left show higher magnification images. Scalebars = 20 μm. Images are representative of 20 LNs from 5 experiments. **b**) Maximum intensity projection (MIP) of a section of a popliteal LN harvested 24 h after footpad injection of 10^4^ FFU ZIKV. Left panel is stained as in (a). Right panel adds on staining for CD11c = yellow, CD205 = purple, and CD11b = brown. Scalebars = 200 μm. **c-d**) High magnification images of dashed boxes in (b) showing **c**) an infected CD11b^+^ DC in a sinus (white), and **d**) an infected CD205^+^ DC in the T cell zone. Scalebars = 20 μm. Results are indicative of 10 LNs from 3 experiments. **e**) Electron micrographs of popliteal LN harvested 24 h after footpad injection of 10^4^ FFU ZIKV. Left panel) ZIKV virion is indicated in an arrow in a conduit (labeled with a C). Scalebar = 200 nm. Inset shows a higher magnification of virion. Scalebar = 50 nm. FRC = fibroblastic reticular cell. Middle panel) lower magnification image of left panel. Scalebar = 1 μm. Right panel) schematic of the image in the middle panel showing the ZIKV virion (yellow) in the conduit (purple). Arrow indicates the location of the virion. Conduit = C, T = T cell, FRC = fibroblastic reticular cell. 24 grids from 6 nodes and 3 experiments were analyzed.](nihms-1520621-f0005){#F5}

![CD8^+^ T cells are rapidly activated by virus in the T cell zone.\
**a**) Blended projections of T cells (red) clustered around a conduit (white)-associated VACV-infected cell (green) near a high endothelial venule (HEV, indicated in picture). Arrows point to conduits. Scalebar = 20 μm. Area in circle is magnified on the right. Scalebar = 5 μm. ERTR7= white, VACV-infected cells = green, OT-I CD8^+^ T cells = red, B220 = blue. Results are representative of 30 LN sections taken from 5 experiments. **b**) OT-I CD8^+^ T cell activation as determined by flow cytometry of single-cell suspensions of popliteal LNs harvested 8 h p.i. 10^6^ OT-I cells were transferred 12--24 h prior to infection. NP-eGFP (no SIINFEKL) was given at 10^7^ pfu; all other infections used NP-S-eGFP (containing SIINFEKL) at the indicated dose. Activation was determined by CD69 expression. MFI is shown on the right. Dots = individual LNs. n = 6. Results were repeated 3 times with 3--6 mice/group. Bars = mean. Error bars = SEM. **c**) OT-I CD8^+^ T cell activation in (b) but 24 h p.i. Dots = individual LNs. n = 6. Results were repeated 3 times with 3--6 mice/group. Bars = mean. Error bars = SEM. **d**) Quantitation of the percentage of VACV- or MVA-infected cells in either the SCS and IFA region or T cell zone contacted by OT-I CD8^+^ T cells (n = 37 VACV or 32 MVA; dots indicate individual sections). Bars = mean. Error bars = SEM. **e**) Percentage of activated OT-I CD8^+^ T cells (those with CD69 MFI \> 50) in each region of 10 LN sections harvested 8 h after infection with 10^8^ pfu VACV. Percentages shown are activated cells/total cells in each region. Dots = individual LN sections. Bars = mean. Error bars = SEM. **f**) Percentage of only the activated OT-I CD8^+^ T cells (as opposed to total cells in (e)) found in each LN region. **g**) MIP LN section 8 h p.i. showing OT-I CD8^+^ T cell activation. B = B cell follicle, SCS = subcapsular sinus. Arrow indicates activated T cell cluster in the T cell zone, magnified on the right. Scalebars = 50 μm, left and 5 μm, right. OT-I CD8^+^ T cells = red, CD69 = white, VACV-infected cells = green, B220 = blue. **h**) MFI of CD69 on all activated cells in each region of the popliteal LN shown in (g). n =197 T cells. Bars = mean. Error bars = SEM. **i**) MIP of popliteal LN harvested 8 h post infection with 10^8^ pfu VACV (green) without OT-I transfer. Endogenous, polyclonal CD8^+^ T cells = red. Colocalization of polyclonal CD8^+^ T cell signal (red) and CD69 (white) signal is shown in purple. B220 = blue, VACV-infected cells = green. The boxed area is magnified in (j). scalebars = 100 μm **j**) Higher magnification MIP image of (i) showing both the SCS&IFA (labeled SCS) and T cell zone (T). Colocalization of polyclonal CD8^+^ T cell signal (red) and CD69 (white) signal is shown in purple. scalebars = 50 μm. f,h,i,j) 6 LNs from 3 experiments were analyzed. g) 10 LNs from 5 experiments were analyzed. Statistics = unpaired two-tailed *t* test.](nihms-1520621-f0006){#F6}

![VACV infects paracortical DCs at lower viral doses.\
**a**) Maximum intensity projection (MIPs) of sections from two different popliteal LNs (left and right) harvested 8 h after footpad injection of 10^6^ pfu of VACV. ERTR7 = red, Lyve-1 = white, VACV-infected cells = green, B220 = blue. Arrows indicate the location of VACV-infected paracortical cell. scalebars = 100 μm. Higher magnification images are shown on the right; lower panels lack the blue channel for clarity. Scalebars = 50 μm. Results are representative of 10 LNs from 3 experiments. **b**) MIP of a section of a popliteal LN harvested 8 h after footpad injection of 10^6^ pfu of VACV. Prior to infection, 10^6^ OT-I CD8^+^ T cells were transferred (pink). ERTR7 = red, B220 = blue, CD69 = white, VACV-infected cells = green. Arrows indicate two areas of T cell activation that are shown in higher magnification insets on the left. Scalebar = 200 μm. Top panels of insets show merge; bottom panels do not show OT-I signal (pink) in order to reveal CD69 staining more clearly. Scalebars = 20 μm. Results are representative of 10 LNs from 3 experiments. **c**) MIP of a section of a popliteal LN harvested 8 h after footpad infection with 10^6^ pfu of VACV showing an infected paracortical CD205^+^ DC. Scalebar = 200 μm. Higher magnification images are shown in the insets showing: top left) merge; top right) conduits + VACV-infected cells; lower left) conduits + VACV-infected cells + CD11c + CD11b; lower right) conduits + VACV-infected cells + CD205. Scalebar = 20 μm. ERTR7 = red, Lyve-1 = white, VACV-infected cells = green, B220 = blue, CD11c = yellow, CD205 = purple, and CD11b = brown. Results are representative of 10 LNs from 3 experiments.](nihms-1520621-f0007){#F7}

![T cells activated at the highest viral doses traffic rapidly to the infected tissue.\
**a**) Number of T cells in the ear at the indicated viral dose. (For no ear, only footpad infection was given. For no footpad, only ear infection was given). Dots show individual ears. n = 10 ears from 5 mice. **b**) Number of IFN-γ producing OT-I CD8^+^ T cells in the ear after infection with indicated viral dose. Note that for these experiments, mice were infected in the ear pinna with VACV expressing SIINFEKL 24 h after footpad infection. Dots show individual animals. n = 5 ears from 5 mice. Statistics = unpaired two-tailed *t* test. For a and b, results were repeated 3 times with 5 mice/group.](nihms-1520621-f0008){#F8}
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